To measure the cell input resistance in Elo&a leaf cells, a new singlemicroelectrode method was explored by comparing the results with conventional two-microelectrode experiments. The new method takes advantage of the difference in the frequency response curves between electrode and cell impedances. By application of electrical stimuli, which contain specific frequency bands, the different impedances can be analyzed separately. To get a distinct separation in the frequency response of cell and electrode, respectively, the electrode capacitance has to be compensated during the impalement. Dffferent time constants of the cell membrane can be accounted for by adjustment of the stimulus length. It is shown that both the single-and the double-electrode method yield the same results, even Uf the cell input resistances change considerably during the course of the experiment. This demonstrates the usefulness of the new single-electrode method for continuous measurements of cell membrane resistances, especialy in cells so small that the double-electrode method is no longer applicable.
Normally, two-electrode methods are used to measure impedances and membrane potentials in single cells (7, 25) . In very small and/or highly turgescent cells, however, these methods are not applicable. A newly developed SEC5 technique (20, 21) experimental conditions. To test the usefulness of this new technique in cell impedance measurements, we experimentally compared this SEC method with the conventional two-electrode method.
SEC techniques which allow a simultaneous monitoring of the Re and Rip during the impalement of a cell, a prerequisite which sometimes is overlooked (5), have been suggested by several authors (2) (3) (4) 24) . The technique of Schiebe, Jager, and Pauschinger (20, 21) , which we employed, is novel with regard to the applied pulse program (see below), the data acquisition, and the data processing methods. But it relies in principle on the pioneering work of Schanne and Ceretti (17, 18) . The underlying principles of the SEC methods were subject to careful examinations by Eisenberg et al. (5, 14) and, therefore, need not be discussed within the context of this paper.
Nevertheless, the SEC techniques are still not generally accepted in the electrophysiology of plants, as demonstrated by papers of Etherton, Keifer, and Spanswick (6, 23) . The authors raise severe doubts concerning the applicability of Brennecke's and Lindemann's single-electrode method (2) for measurements of electrical resistances in plant cells. Etherton's experiments were carried out in Avena coleoptiles. The results obtained in simultaneous single versus double-electrode resistance measurements differed markedly and inconsistently. This is in contrast to our own experience (19) . Therefore, we tried to prove Etherton's assertion, but by applying both electrode techniques to Elodea densa leaf cells which seemed to be more suitable due to size and, hence, accessibility of their vacuoles.
MATERIALS AND METHODS
Plant Material and Experimental Solutions. Elodea densa (Planch.) Casp. was cultivated as described earlier (11) . Shoots were equilibrated for 24 to 36 h under continuous illumination at 25°C in APW containing (in mM): 1 NaCl, 0.1 KCI, 0.05 CaCl2, 2 NaH2PO4, and adjusted to pH 6.5 with Na2HPO4.
After equilibration, single leaves were transferred into a perfusion chamber, continuously rinsed with APW, and illuminated by the microscope lamp. Under the microscope, individual cells could be identified conveniently.
Cell Impalements. Figure 2 . Pulse Generation. In practice, concurrent (2-4) as well as consecutive (20, 21) rectangular current pulses with the above-mentioned properties could be used. We chose the consecutive pulse pattern of Figure 3 balancing URC by R& in the bridge network (cf. Fig. 1 (16, 20) . According to Rubio and Zubieta (16) , this overshoot can be interpreted as an electroosmotic phenomenon which could confuse the measurements. By measuring the voltages in current-free intervals (sp, wp) during the respective voltage relaxations, the problem has been overcome. Current Injection and Capacitance Compensation. This pulse pattern was generated by the ElM2 and fed into a bridge amplifier (L/M-1, List Electronics) where it was converted from voltage into current pulses which were then applied to the preparation through E1 (cf. Fig. 2 ). In this way, 5 x 10' A depolarizing square-current pulses were injected via electrode E1 into vacuoles of Elodea cells. It is important to note that compensation of stray capacitances proved to be indispensible after impalement of a cell in order to minimize'T. Making use of the high-input impedance of a,, we could then record the voltage response to the current stimulus by using the same electrode E1. This voltage response was then fed back to the analyzer stage of the ElM2.
Acquisition of the Voltage Response. To produce a continuous output signal for a pen recorder, the pulsed voltage response of the cell had to be sampled at well-defined times (tsH; cf. Fig. 3,   bottom) .
SH2 as the sampling instant before and SH3 at the end of the relaxation process were not critical to adjust. The critical time parameter is given by tsH, which accounts for the short relaxation time Te of the electrode. tSH, needed manual adjustment under visual control on the oscilloscope.
It had to be set such that SH1 was just behind the end of the first steep relaxation from UR, (cf. Fig. 3B ). In our experiments, tSH, was usually 100 to 200 ps from the beginning ofthe relaxation,
for Tre ranging between 25 and 40 ,us; Tm, however, was about 1 ms in our experiments, indicating that, at SH1, the cell capacitance would still be fully loaded and that at that instant UR,i, could be recorded correctly.
Taking further into account that small amounts of hum ( Uh.)
will always be present in the output signal, the following compound voltages were sampled (cJf Fig. 3 ).
at SHi1:
at SH2: (Figs. I and 2 ) was used to apply a current pulse program (cf. Fig. 3A) , the response to which was measured by E1 as well as by E2. E2 was connected to the separate amplifier a2 and measured UR,,,, in the conventional way (25) as response of the current passing through E1 (cf Fig. 3, D2) . RESULTS With the experimental arrangement described in Figure 2 , we compared the new single-electrode-clamp technique with the standard two-electrode technique in vacuoles of Elodea cells.
Individual Pulse Responses. Figure 3A shows the current input signal to the cell, and Figure 3C shows the corresponding voltage response as recorded by El with the sampling instants marked. Figure 3B shows the short relaxation (sp) before (upper trace) and during impalement (lower trace) of the cell vacuole. In both cases, the electrode capacitance was properly compensated. The effect of the membrane's impedance is reflected by the additional slope in the bottom trace. In this experiment, Re is reduced after impalement due to the high ionic strength of the solution within the vacuole when compared to APW. This is also Fig. 4 , a and b)
Electrode El was impaled into the cell vacuole and used both for current injection (I = 5 x I0O-A) and potential recording. Electrode E2 was inserted into the same vacuole and used for comparative voltage recording only. The experimental arrangement is shown in Figure 2 . Further explanations intext. Experimental numbers and marks are consistent with Figure 4, a and Continuous Recordings. Figure 4 , a and b, shows original registrations of two selected experiments (labeled 48 and 50).
Curve A (Fig. 4a) Fig.  4a and a-f in Fig. 4b ) represent resistances Rinp, measured by E2
and calculated from individual voltage responses to the current pulse (wp) as seen in Fig. 3, D2 . Curve B, measured by E1, is a plot of the membrane potential versus time as sampled at SH3. Curve C shows the total potential difference PD across the membrane during the same experiment as measured by E2. The upper limit of this shaded curve represents nearly the membrane potential Em,, the lower limit corresponds to the depolarization of the membrane caused by the depolarizing current stimuli through E1. Owing to the low-pass filtering characteristic of the pen recorder, the shaded region of the record is considerably smaller than would be expected from the calculated data (open circles in Fig. 4) and, therefore, R2 ,,, cannot be calculated from such records. Table I summarizes the data obtained from the experiments of Figure 4 , a and b, and one further impalement. The deviation between the results of both resistance measurement methods is given as 'relative error in line 14. In the worst case, it amounted to 13%.
Correlation of Data. Figure 5 shows that correlation between both methods was good. The correlation coefficient was 0.975 (n = 12) with a slope of the regression line close to one. The mean error, which includes the compound errors of both the single-and double-electrode method, amounted to 7.9%. DISCUSSION SEC techniques, although first introduced in muscle cells by Schanne and Ceretti (17) for parallel recording of both membrane potential and cell input resistance, have found at most tentative acceptance in plant physiology (8, 9) . Inasmuch as plant cells have input resistances which are, in general, an order of magnitude higher than those of animal cells, they are particularly suited for this method.
The SEC method of Brennecke and Lindemann has already been used by Anderson et al. (1) Plant Physiol. Vol. 72, 1983 experiments, however, with the SEC system of Schiebe and Jaiger (20) , which is based on the same principles, yielded good results (19) . To resolve this obvious contradiction, we have compared our SEC method with the conventional two-electrode-current clamp method introduced by Weidmann (25) . As a consequence of electrical cell coupling within the Elodea leaf (22) 1 known electrical properties of its tonoplast, we confined ourselves to a comparison of input resistance data, since the R. cannot be derived from the measured R.,p in a clear-cut way (10, 13).
As seen in our experiment of Figure 4a , where both methods demonstrate comparable impalement stability, input resistance data apparently correspond well. Nevertheless, a small underestimation of Ri,,p, values by the SEC method can be observed throughout, although it seems to be within the overall noise level of the set-up. This deviation can be attributed to a slight maladjustment of tSH1 in that experiment.
In In contrast to Etherton, we found a good correlation between the results from both methods (Fig. 5) . In the experiments of Etherton, who did not apply sampling techniques nor pulse inversion, the relevant length of the sp is constant (0.5 ms) and not adjustable to Tm. This may cause problems because sp may be too short to load Ce (cf Fig. 1 
